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The selection process has caused modern durum wheat cultivars to achieve higher yields 
with different protein quality but also to have low micronutrient amounts. In order to evalu-
ate the suitability of germplasm for the recovery of such nutrient content, macro- and micro-
elements concentrations in twelve ancient Sicilian durum wheat landraces and in three 
modern cultivars were compared. According to the results, the substantial differences in 
macro- and micro-element concentrations between the two groups of wheat genotypes sug-
gest ancient Sicilian landraces can effectively represent a suitable genetic material for bio-
fortification plans of micronutrients in modern varieties.
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Introduction
The strategies of genetic improvement taken during the past were aimed at reducing the 
interaction of genotype with the environment resulting in the gradual replacement of du-
rum wheat (Triticum turgidum ssp. durum) old populations (Thomas et al. 2012) with 
modern varieties having higher yields but lower mineral concentration (Zhao et al. 2009). 
Durum wheat major use is the manufacturing of pasta and other traditional products 
(Shewry 2009). Its end-use value relies on grain protein concentration and composition 
(Shewry and Halford 2002) that had been targeted by breeders (Shewry 2009) together 
with crop responsiveness to growing conditions as well as climate change (De Vita et al. 
2010; Semenov et al. 2014).
Mineral concentration in wheat caryopses (with particular reference to microelements 
like Zn and Fe) deserves attention, too: the dietary deficiency of essential micronutrients 
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(the so-called “hidden hunger”) has been affecting about three billion people worldwide 
(IFPRI 2014) and is more widespread than poor dietary quality and low energy intake 
(Stewart et al. 2009). At the same time, countries with high incidence of micronutrient 
deficiencies are actually relying on cereal-based foods as main component of the daily 
ration (Cakmak et al. 2010). 
Increasing the total amounts and the bioavailabilities of Zn and Fe in food crops is the 
big challenge: in developing countries, cereal grains have been reported to be the primary 
source of Fe and Zn (Welch and Graham 1999) without, however, any satisfaction of 
people mineral requirements given the constant excretion such minerals undergo with the 
human biological functions.
Durum wheat represents an important source of many nutrients, including dietary fib-
er, vitamins and minerals (Zn, Fe, Mg and Se) (Lafiandra et al. 2014; Panatta 1997). Fe 
and Zn are both essential minerals for humans: Fe is a so-called type I nutrient (physio-
logic nutrient) while Zn is a type II one, meaning that it does not have any identifiable 
‘storage’ compartment where it can be mobilized from (Golden 2004) so that, in case of 
inadequate intake, without regular supply cells enter a state of deficiency and stop their 
growth (Lowe et al. 2009). More in detail, iron is essential for the regulation of cellular 
growth and differentiation and for haemoglobin production (Dallman 1987). Its deficien-
cy results in: i) children mental and psychomotor development decrease, ii) increase in 
both morbidity and mortality of mother and child at childbirth, iii) decrease in work per-
formance and resistance to infection (Scrimshaw 1984; Hercberg et al. 1987; Lozoff et al. 
1991). Zinc plays an important role in embryogenesis, gene expression as well as carbo-
hydrates, lipids, proteins and nucleic acids synthesis and degradation (Nishi 1996; 
Sandström 1997).
Plant breeding to improve the nutritional quality of foods is a functional approach be-
ing used to improve the nutrient content of varieties of staple crops and in particular of 
durum wheat (Cakmak et al. 2010). Following the genetic effects wheat grain micronutri-
ent and protein contents are subjected to (Gomez-Becerra et al. 2010a, 2010b), genetic 
biofortification plans aimed at producing modern durum wheat cultivars with improved 
concentration and bioavailability of Zn and Fe could greatly reduce micronutrient malnu-
trition (Altieri 2004; Zhao et al. 2009; Velu et al. 2014). Wild relatives, primitive wheats 
and landraces of spring wheat are the most promising sources for the development of 
wheat cultivars with increased micronutrient contents and bread making quality (Xu et al. 
2011). Nonetheless, the milling process itself actually removes many minerals highly 
concentrated in kernel’s teguments: this strongly influences durum wheat derived prod-
ucts physico-chemical properties and micronutrient bioavailability for the end users 
(Poblaciones et al. 2014; Padalino et al. 2014).
Up to now Sicilian landraces have been mainly studied with reference to the bio-ag-
ronomic, genetic, biochemical and technological characteristics (Boggini et al. 1990; 
Sciacca et al. 2003; Palumbo et al. 2008, 2013; Gallo et al. 2010; Mastromatteo et al. 
2014; Sciacca et al. 2014), but at the moment, few information is available on their mi-
cronutrient composition compared to modern ones. In this work, caryopsis micronutrient 
concentrations of Sicilian old landraces and modern cultivars of durum wheat were in-
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vestigated with the ultimate aim of providing useful information about their suitability 
in genetic biofortification plans aimed at increasing wheat-derived products nutritional 
value.
Material and Methods
In this experimental study 12 durum wheat old Sicilian landraces (Biancuccia, Bivona, 
Castiglione, Ciciredda, Cotrone, Duro Lucano, Farro Lungo, Gioia, Regina, Ruscia, 
Sammartinara, Timilia) were compared with 3 modern cultivars widely grown in Italy 
(Duilio, Iride and Simeto). Field trials were carried out during the three-year period 2012–
2014 at the CREA experimental farm placed in Libertinia (Catania, Italy – Lat. 37.54172° 
Lon. 14.58462°), setting up 10 m2 plots, fertilized with 36 kg ha–1 of N and 92 kg ha–1 of 
P in pre-sowing followed by 54 kg ha–1 of N in post emergence. All genotypes were sown 
in a complete randomized block design, without microelement fertilization.
At full ripening, the harvested caryopses underwent macro- (N, P, K and Ca) and mi-
cro-element (Fe, Zn, Mn, Cu and Sr) concentrations determination. Caryopses were 
milled and the obtained wholemeal semolina was dried in oven at 105 °C before weigh-
ing. Macro- and micro-elements concentrations were measured as follows:
– Total N: an aliquot of 0.5 g of dried wholemeal semolina was used for the determi-
nation of the content by micro-Kjeldahl method (AOAC 2010) with an automatic 
instrument (Büchi Distillation Unit K370, C).
– P, K, Fe, Zn, Mn, Cu, Li and Sr: an aliquot of 1 g of dried wholemeal semolina 
underwent muffle furnace complete incineration at 550 °C. The ashes were afterwards 
dissolved in 100 mL of 0.16 mol L–1 HNO3 ultra-pure water solution and analysed by 
Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES, OPTIMA 
2000DV, Perkin Elmer, Italy).
– Ca and Mg: 3 g of dried powder were completely incinerated at 550 °C. The ashes 
were dissolved in 50 mL of 0.16 mol L–1 HNO3 ultra-pure water solution and ana-
lysed by ICP-OES. 
To increase the knowledge attained from the considered variables and, according to 
them, discriminate as much as differences as possible all data underwent t-test and multi-
variate processing with ‘‘R’’ statistical software (R Development Core Team 2008) by 
means of Principal Components Analysis (PCA), followed by cluster analysis (Ward’s 
method) carried out on standardized data (Todeschini 1988). Such processing was per-
formed at first on the average nutrient concentrations of all the mineral elements recorded 
during the three years of testing, successively it was repeated considering only the ele-
ments that the previous processing pointed out to be the most influencing ones.
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The quality of the clustering was also validated by the analysis of the Silhouette values 
– S(i) (eq. 1) that, ranging from –1 to +1 represent the tightness of the data points within a 
cluster and the separation between different clusters in a given model (Rousseeuw 1987). 
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where: “a(i)” is the average Euclidean distance between data point “i” and other data 
points in the cluster A, “b(i)” is the average Euclidian distance between “i” and the points 
in the second closest cluster. Silhouette values close to zero mean that the data points have 
similar distance to two clusters. Positive values mean that data are closer to one cluster 
than to the second nearest one. Negative values indicate potential misclassification. The 
overall Silhouette width – S(k), which is the average S(i) over the whole dataset at varying 
of the number of the clusters gives a global measure of the quality of a clustering: the 
higher the value, the most probable is the k number of clusters in the dataset. The results 
of the Ward clustering have therefore been validated calculating the silhouette widths for 
k = 2–5 clusters for both the datasets.
Results
Table 1 reports the macro- and the micro-element average concentrations measured in the 
caryopses. The highest element concentrations found among all the samples were 33,600 
mg kg–1 for N and 4,950 mg kg–1 for P both found in the genotype Farro lungo; 5,220 mg 
kg–1 for K in Cotrone; 682.8 mg kg–1 for Ca in Timilia; 98.1 mg kg–1 for Fe in Biancuccia; 
61.4 mg kg–1 for Zn in Duro Lucano; 57.4 mg kg–1 for Mn in Biancuccia; 25.9 mg kg–1 
for Cu in Duilio and 10.8 mg kg–1 for Sr in Ciciredda.
Among the landraces showing the highest grain-Fe concentration (74.4 mg kg–1 in 
Biancuccia, 55.4 mg kg–1 in Farro Lungo, 53.6 mg kg–1 in Duro Lucano), Biancuccia was 
Table 1. Macro- and micro-elements average concentration (mg kg–1 d.m.) and features in wheat caryopses
Sicilian landraces Modern cultivars t-test sig.
Macro-elements
N 26709 ± 4949.5 21941 ± 2815.7 ***
P 4142 ± 300.7 3307 ± 243.5 ***
K 3411 ± 952.4 2932 ± 773.7 ***
Ca 509 ± 62.8 488 ± 112.2 NS
Micro-elements
Fe 52.04 ± 6.6 39.52 ± 9.0 ***
Zn 44.38 ± 4.7 36.70 ± 4.2 ***
Mn 44.40 ± 1.6 32.17 ± 4.7 ***
Cu 8.86 ± 5.0 9.87 ± 6.8 *
Sr 6.17 ± 2.1 4.67 ± 2.1 ***
Notes: Data are expressed as arithmetic mean ± standard deviation of the twelve genotypes per group.
NS = not significant; *p < 0.05; ***p < 0.001.
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found to have the highest Mn concentration (52.8 mg kg–1) and a high Zn concentration 
(46.0 mg kg–1), while Castiglione recorded the highest Cu concentration (7.73 mg kg–1).
On the other side, among modern varieties, Simeto was the one with the highest grain-
Fe concentration (42.5 mg kg–1) but with low Zn concentration (36.3 mg kg–1), while 
Duilio had the highest concentration of Zn (40.6 mg kg–1), Mn (36.8 mg kg–1), Cu (10.4 
mg kg–1) and Sr (5.0 mg kg–1). The t-test carried out between Sicilian landraces and mod-
ern cultivars, showed statistical significance (p < 0.001) for all the macro-elements with 
exception for Ca. With reference to micro-elements, the same test pointed out statistical 
significance between the two datasets for all elements: such significance turned out to be 
at p < 0.001 with exception for Cu whose significance is at p < 0.05 level.
The output of the PCA carried out on the dataset of the average nutrient concentrations 
recorded in the 2012–2014 period is represented by Fig. 1: such biplot accounts for 63.7% 
of overall explained variance and it shows the complete view of the vectors of all the 
considered elements pointing out how they affect the discrimination between modern 
varieties and landraces (dashed closed lines).
Figure 1. Biplot of the PCA representing the distribution of wheat genotypes based on the average nutrient 
concentrations of the three-year period 2012–2014 (x-axis and y-axis represent PC1 and PC2 scores, top and 
the right axes refer to scaled loadings and are meant for interpreting the arrows depicting the variables in the 
plot)
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The most significant loadings on the first component are the concentration of P (0.43), 
N (0.41), Zn (0.39) and Mn (0.38), while those mainly affecting the second principal 
component are the concentrations of Fe (0.58), K (–0.47) Ca (–0.40) and Mn (0.33).
The dendrogram of the resulting cluster analysis (Fig. 2), confirmed the above-men-
tioned dissimilarities between modern varieties and landraces of this study when the den-
drogram is cut at the linkage distance of 6.
The silhouette method identified two clusters as the most probable estimate: the aver-
age silhouette widths reported in Table 2 (left column) show how the most probable 
number of cluster is two according to the eigenvalues of all the considered elements.
The PCA performed on the data set of the values of concentration of Fe, Zn and Mn in 
kernels in the three considered years, resulted in a biplot (Fig. 3) explaining 73.5% of the 
overall variability. In this case, the most significant loadings of the first component are 
those of zinc of 2013 (labelled Zn13 = –0.39), iron of 2012 (Fe12 = –0.38) and manga-
nese of all three years (Mn12 = –0.38, Mn13 = –0.33, Mn14 = –0.37), while the second 
Figure 2. Dendrogram of the cluster analysis based on the average nutrient concentrations of the three-year 
period 2012–2014
Table 2. Average silhouette widths for the considered dendrograms
Number of clusters
Clustering factors
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Figure 4. Dendrogram of the cluster analysis based on influence of the concentrations of Fe, Zn and Mn in the 
three years period
Figure 3. Biplot of the PCA representing the distribution of the studied genotypes based on the concentrations 
of iron, zinc and manganese in the kernels during the three years of experiment (x-axis and y-axis represent 
PC1 and PC2 scores, top and the right axes refer to scaled loadings and are meant for interpreting the arrows 
depicting the variables in the plot)
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principal component is influenced by iron concentration of 2013 (Fe13 = 0.52), zinc of 
2012 (Zn12 = 0.47) and manganese 2013 and 2014 (Mn13 = –0.41, Mn14 = –0.34).
The resulting cluster analysis, carried out according to the Ward’s method, produced a 
dendrogram (Fig. 4) distinguishing, at the linkage distance of 8, the branch dedicated to 
modern varieties from the group of the Sicilian landraces within which the Biancuccia 
landrace is further distinguishable. Again, the silhouette width identified two clusters as 
the most probable estimate (Table 2, righ column) even in this case that is based on Fe, 
Mn and Zn concentrations only.
Discussion
Between old Sicilian landraces and modern cultivars substantial variation in nutrient seed 
concentrations can be found. In particular, with reference to N, P and K, their concentra-
tions were higher in Sicilian landraces than in modern cultivars (Table 1). On average, 
Sicilian landraces showed grain-Fe concentration increased by 32%, grain-Zn by 21%, 
grain-Mn varied of 38% compared to modern cultivars (Cu was the only element showing 
significant reduction). Such microelement concentrations are in line or in greater degree, 
at varying of element bioavailability in soil (Giacalone et al. 2005), with those available 
in literature. A comparative work on Fe and Zn concentrations in Iranian landraces and 
commercial varieties (Heidari et al. 2016) shows Fe concentration in landraces ranging 
from 24.9 to 66.5 (mg kg–1) and Zn concentration from 18.7 to 38.7, while in commercial 
cultivars Fe varied between 38.9 and 54.9 mg kg–1 while Zn ranged from 12.4 to 27.2 mg 
kg–1. Wang et al. (2016), who studied the wheat yield responses to manure compost ap-
plication in North China in a three years experiment (2011–2013), in 2012 and 2013 re-
corded average values of 25.6 and 19.6 mg kg–1 for Fe, 12.8 and 13.4 mg kg–1 for Zn, 3.3 
and 3.6 mg kg–1 for Cu and 31.7–32.8 mg kg–1 for Mn. The range 41.4–67.7 mg kg–1 of 
Fe concentration was reported by Badakhshan et al. (2013). In a study focusing different 
wheat cropping systems and fertilizer applications, iron and zinc concentrations in grains 
were found to vary between 24.7 and 26.2 mg kg–1 and between 16.0 and 19.2 mg kg–1, 
respectively (Wozniak and Makarski 2013). Distelfeld et al. (2007) reported iron and zinc 
to range from 47.5 to 60 mg kg–1 and from 32.3 to 44.2 mg kg–1 in wheat grain. Other 
studies also showed that Zn concentration in durum wheat could range from 20 to 30 mg 
kg–1 and from 5 to 12 mg kg–1 at varying of soil Zn content (Cakmak et al. 2000).
The output of the PCA provided more information about the differences between the 
two groups of durum wheat populations. In the biplot of Fig. 1 the distance between the 
area where the three varieties (Iride, Duilio and Simeto) are allocated and the area where 
the studied landraces are grouped confirms the differences between these populations 
showing how, besides the microelements vectors expressing great influence (Fe, Zn and 
Mn), the influence of Sr and macro elements is strong as well, being such vectors mainly 
related to the 1st principal component (that accounts for 47.6% of explained variance). 
Moreover, in the biplot of Fig. 3 (obtained processing the data related to elements that the 
previous processing pointed out to be the most influencing ones) it can be observed that 
modern varieties are grouped separately. In this case Fe and Mn concentrations are those 
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discriminating the most among landraces pointing out specific peculiarities (e.g. Biancuc-
cia).
Comparing caryopsis micronutrient concentrations in modern durum wheat varieties 
and Sicilian landraces confirmed the wide genetic variability observable between the two 
groups of genotypes. In particular, Sicilian landraces showed higher concentrations of N, 
P, K, Fe, Zn, Mn and Sr. According to the multivariate analysis, micronutrient concentra-
tion was also found to have a discriminating role between the two groups of genotypes. 
Sicilian ancient durum wheat landraces can be therefore considered as a viable source of 
genetic diversity for increasing micronutrients density in seeds of modern wheat varieties 
thanks to genetic biofortification programs.
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